There have been many reports on the applications of low reactive level laser therapy (LLLT) for pain attenuation or pain removal. Our group has reported previously on the effects of in vitro low level laser irradiation (LLLI) particularly on the human neutrophil function using luminol-dependent chemiluminescence (LmCL) for measurement of reactive oxygen species (ROS) production from human neutrophils. However, the change in production by LLLI for each ROS e.g. superoxide, hydroxyl radicals, hydrogen peroxide, singlet oxygen, hypochlorite and so on are however not yet fully understood. In this study, we used luminol-dependent and lucigenin-dependent chemiluminescence (LmCL and LgCL, respectively) to measure the effects of LLLI on the ROS-production process of human neutrophils. Two soluble action stimuli, N-formyl-Met-Leu-Phe (fMLP) and phorbol myristate acetate (PMA) were used to avoid the possible influence of lag-time from recognition to uptake of particles at ROS production. When fMLP was used as the stimulus, the maximum intensity of the chemiluminescence response in LmCL increased but in LgCL it decreased following LLLI. When PMA was used as a stimulus, the times to reach the maximum intensity of the chemiluminescence response of LmCL and LgCL were shortened by LLLI but there was no effect on the maximum intensity of the chemiluminescence response of both. These results suggest that LLLI enhances the ROS production capability, and activates the conversion from superoxide to singlet oxygen and hypochlorite.
Introduction
The gallium aluminium arsenide (GaAlAs) diode laser has been used as one of the most efficient lasers in low reactive level laser therapy (LLLT) for pain attenuation or pain removal. Using neutrophils as a model for therapeutic modality at the cellular level, our group have designed studies to show some possible mechanisms of low reactive-level laser irradiation (LLLI) effects on neutrophil phagocytic activity. (1, 2) Neutrophils are one of the important members of the host defence system especially against infection. When the neutrophils recognize invading microbes, they phagocytose the microbes and start production of reactive oxygen species (ROS) such as superoxide anions, hypochlorite, singlet oxygen, et cetera, to kill the microbes. Chemiluminescence methods are rapid and reliable for the in vitro measurement of ROS production from neutrophils. (3, 4) We already reported that hypochlorite and singlet oxygen were the ROS most responsible for luminol-dependent chemiluminescence (LmCL). (5) For measurement of superoxide anion production from phagocytic cells and subcellular fractions, Lucigenin-dependent chemiluminescence (LgCL) was used in various studies and the observed values of LgCL correlated well with the cytochrome c reduction method. Shiroto et al. (1) reported that opsonized zymosan stimulated the phagocytic activity of human neutrophils and was affected by LLLI. Osanai et al. also reported that the same phenomenon was found in opsonized zymosan-stimulated LmCL over selected combinations of LLLI irradiation times and output powers. ( 2) These papers reported that the maximum light emission level (peak height; PH) of neutrophil chemiluminescence increased and the time to reach the peak (peak time; PT) decreased following LLLI. From these results they suggested that LLLI could activate and enhance human neutrophil phagocytic action including the steps from the recognition of foreign bodies to the release of ROS. However the activation mechanism of LLLI on the neutrophils was not mentioned.
In this study, for clarification of the activation mechanism of LLLI, we used two kinds of soluble stimuli, N-formyl-Met-Leu-Phe (fMLP) and phorbol myristate acetate (PMA), in addition to luminol and lucigenin. These soluble stimuli each have specific receptors on the neutrophil membrane and activate ROS production via signal transfer without any lag-time from recognition to uptake of foreign bodies such as opsonized zymosan. Because LmCL and LgCL are associated with a different ROS, these different types of chemiluminescence were measured under the same conditions to detect the affected ROS-generating process of neutrophils irradiated with LLLI.
Materials and Methods

Laser irradiation
We used a GaAlAs diode laser (Model MDL-1002), manufactured by Mochida Pharmaceutical Co. Ltd, Osaka, Japan. This machine emits in continuous wave at 830 nm, and the output power is fixed at 60 mW. For accurate and correct irradiation, the output probe was remodelled as a pencil type by Matsushita Electric Industrial Co-Ltd, Osaka, Japan.
The neutrophils were isolated from seven healthy male volunteers using the density-gradient method as previously described. (5) The harvested neutrophils were treated with hypotonic hemolysis for 1 min to remove the remaining portion of red blood cells. The neutrophils were resuspended in Hank's balanced saline solution (HBSS) at 3.0 x 10 6 cells/ml.
The neutrophil suspension (120 ml) was pipetted into each well of a 96-well black microtitre plate, fluorocombi-plate 8 (Labsystems), to prevent irradiation of other wells from scattering of the laser beam even though the laser beam was irradiated directly into each well. Neutrophil suspension (100 ml) was taken out from each well for the measurement of chemiluminescence immediately after LLLI.
The laser irradiation time ranged from 5 to 60 s over 5 steps (5, 10, 15, 30, and 60 s). The unirradiated neutrophil suspension, which was treated in exactly the same way as the irradiated one, was used as a control.
Chemiluminescence measurement
The chemiluminescence was measured with a simultaneous multiple measurement system using a remodelled lumiphotometer, TD-4000 (Labo Science). sity of the chemiluminescence recorded in mV by the lumiphotometer was digitalized and sent directly to a computer (PC-9801UV, NEC). The irradiated and unirradiated (control) neutrophil suspensions (each 100 ml) were put into 9 x 64 mm plastic tubes. After the addition of luminol (100 ml, 0.5 mM) or lucigenin (100 ml, 4.0 mM) into the neutrophil suspensions, the plastic tube was placed in the sample tube holder of the lumiphotometer and the chemiluminescence was measured from immediately after the addition of soluble stimulus solution, fMLP (400 ml, 1.0 x 10 -6 mM) or PMA (400 ml, 1.0 x 10 -6 mM). The above reagents were purchased from Sigma.
Neutrophil chemiluminescence was measured both by maximum luminescence intensity (peak height, PH) and the time to reach maximum intensity (peak time, PT), and the data were represented as a ratio (%) of those of the simultaneously measured control. Statistical analyses of PT and PH of neutrophil chemiluminescence were performed on a Macintosh IIsi personal computer using Stat View software. The statistical sig-
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LLLI AND NEUTROPHIL ROS 77 The effects on fMLP-stimulated LmCL peak time (PT) and peak height (PH) of LLLI at the various irradiation times. The mean PT values were delayed from 111% to 119% by all irradiation times with the exception of 60 s, while the mean PH values increased slightly. However none of these differences were statistically significant.
nificance shown on the figures was determined using the ANOVA test.
Results
fMLP stimulated neutrophil chemiluminescence
The maximum chemiluminescent response of fMLPstimulated neutrophils appeared in about a minute for both LmCL and LgCL, thus there was no difference between the PT of either type of chemiluminescence. The LgCL PH was much lower than the LmCL PH (Figures 1  and 2 ).
The effects of LLLI at the set irradiation times on PH and PT of both types of chemiluminescence can be seen in Figures 3 and 4 . The mean values for PT and LmCL were delayed from 111 to 119% by the irradiation except at 60 s irradiation, but statistical analysis of the data showed no significant difference. The same phenomenon was seen in LgCL, but there was statistical significance between the difference at 10 and 60 s irradiation (p<0.05). In the case of PH, the mean values for LmCL slightly increased without exception. On the other hand, the mean values for PH of LgCL were suppressed at 5 and 10 s irradiation to 85% and 88% respectively. Significant differences were observed between 5 s and 15 s, 5 s and 60 s, and 10 s and 15 s (p <0.05, for all).
PMA stimulated neutrophil chemiluminescence
The chemiluminescent response induced by PMA was considerably slower than that of fMLP-stimulated neutrophils but was much stronger by an order of magnitude. The PT of PMA stimulated LmCL was observed in a range from 9 to 14 min and that of LgCL appeared faster, from 5 to 10 min. The LgCL PH was much lower than the LmCL PH (Figures 5 and 6 ). The effects of LLLI on PT and PH of LmCL at the various irradiation times are shown in Figure 7 . The mean values for LmCL PT were shortened from 76 to 90% without exception but there were no noticeable changes in the LmCL PH following LLLI. Statistical analysis of the data from LmCL showed no significant difference among any of the irradiation times.
The results obtained from LgCL are shown in Figure 8 . The mean values for the LgCL PH were not noticeably changed, similar to LmCL. On the other hand, the LgCL PT was shorted except for the 60 s irradiation, and the PTs for 5, 10 and 15 s irradiation were statistically significantly shorter than 60 s irradiation with a risk factor of less than 5% for all.
Discussion
Neutrophils, known as an important member of the host defence system, start phagocytic action and also produce ROS after recognition of invading microbes. Superoxide, produced by NADPH-oxidase present in the cell membrane, is initially released, followed by other ROS which are formed from superoxide by some enzymes and metal ions. Hypochlorite and singlet oxygen, which are stronger oxidative agents, are converted from superoxide by myeloperoxidase (MPO) which is supplied mainly from neutrophil azurophilic granules.
It was previously reported that LLLI emphasized the LmCL response of opsonized zymosan-stimulated human neutrophils. Shiroto et al. showed that LLLI shortened the LmCL PT, (1) and they suggested that LLLI affected the response of neutrophils following recognition of microbes to the release of ROS. Osanai et al. also reported that PT was shortened and PH increased by LLLI. (2) They suggested that LLLI possibly activated the ROS production system of human neutrophils. In the same paper, they also showed that the neutrophil chemotactic activity was increased by LLLI.
In this study, we used two chemiluminescent probes, LmCL and LgCL, for the measurement of the ROS from the neutrophils. It has been reported that LmCL was most responsible for hypochlorite and singlet oxygen, and LgCL was used for the detection of superoxide in various studies. We used PMA and fMLP as the stimuli, soluble agents which have specific receptors on the neutrophil membrane surface, and induce The PMA-stimulated LgCL response appeared faster in the range of from 5 min to 10 min, and in a similar manner to the fMLP stimulated chemiluminescence, the LgCL PH was much lower than the LmCL PH.
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ROS production (7, 8) by activating the signalling cascade, (9) for the elimination of possible LLLI effects on the phagocytic action of neutrophils. Using fMLP which is a well-known activator of neutrophils as the stimulus, the responses of both types of chemiluminescence, LmCL and LgCL, were very rapid and maximum light emission was observed in about 1 min (Figures 1 and 2) . The PT of both LmCL and LgCL were prolonged by LLLI in the range of 5 to 30 s. In the same irradiation time range, the LmCL PH increased but that of LgCL decreased. From the results of the PH of both types of chemiluminescence, the amounts of LmCL-responsible ROS, hypochlorite and singlet oxygen, were increased and production of superoxide that is responsible for LgCL seemed to be suppressed. But, with suppression of superoxide production which is the principal ROS, the amount of any other type of ROS cannot increase. The decrease in LgCL may The LLLI effects on PMA-stimulated LgCL peak time (PT) and peak height (PH) at the various irradiation times. In a similar manner to those of LmCL, the mean LgCL PH values did not change noticeably, whereas LgCL PT was shortened for all values with the exception of 60 s irradiation, with a statistically significant difference between the 60 s and the 5 s, 10, s and 15 s irradiation times (A*, B*, and C*, respectively, p < 0.05 in all cases).
be explained by the possibility that LLLI improves conversion efficiencies from superoxide to hypochlorite and singlet oxygen without the inhibitory effects on the superoxide production system, NADPH-oxidase. One explanation for the results of PT prolongation is a modulation of signal transduction from the fMLP receptor to ROS production systems which may become slightly retarded following LLLI.
In the case of PMA-stimulated neutrophils, after LLLI in the range of 5 to 30 s, the PTs of both types of chemiluminescence were significantly shortened without any effect on the corresponding PHs. These results suggest that the superoxide production velocity is improved without quantitative changes by LLLI and conversion efficiencies to hypochlorite and singlet oxygen may stay at the same levels.
Depending on the stimulus, the chemiluminescence response was differently modulated by LLLI. There were some discrepancies between the fMLP-and PMA-stimulated chemiluminescence responses. These discrepancies might be attributed to differences in the activation mechanism of these stimuli. ROS production induced by fMLP has been shown to be mediated by the interrelated activation of protein kinase C and mobilization of intracellular free calcium. ePMA is a protein kinase C activator and activates the signalling cascade at a more proximal site. (9) These results at least prove that LLLI of a notable dose (exposure time of 5-30 s, output power 60 mW) enhances the activity of both the superoxide production system, NADPH-oxidase, and the superoxide conversion system to hypochlorite and singlet oxygen.
